Abstract: Bioenergetics models offer a useful framework for assessing the consumptive demand on ecosystems from nonnative fish. Consumption estimates from bioenergetics models can be combined with estimates of population abundance to quantify population-level consumption. This study applies a new bioenergetics modeling framework, developed by Walters and Essington (this volume), to estimate bioenergetics parameters using field data commonly collected from population monitoring programs. We used growth increment and size-at-age data to estimate the parameters of the bioenergetics model described by Walters and Essington (this volume) for an introduced population of Pylodictis olivaris from the Neuse River, North Carolina. The model fit the observed growth data well and predictions of consumption patterns were consistent with observed feeding patterns. The estimated consumption pattern from the general bioenergetics model represents the first characterization of adult flathead catfish consumption. Through use of capture-recapture data, the Walters and Essington bioenergetics model is able to integrate consumption estimates with growth and demographic data. Although further validation of the model is necessary, the modeling framework provides a straightforward approach to assessing the consumptive demand of fish populations.
INTRODUCTION
Quantifying growth and consumption are important components of understanding the ecology of many fish species. These measures integrate information from a variety of environmental (e.g., temperature) and biotic (e.g., diet) sources into simple metrics. Estimates of growth and consumption are informative for fisheries managers and scientists in many research areas including characterizing the potential predatory impact of nonnative species [1, 2] . Combining information on growth and consumption with population demographics can help fishery managers quantify trophic demand of nonnative species and assess threats to native fish populations [2, 3] .
Flathead catfish Pylodictis olivaris is a large piscivorous catfish species native to much of the interior of North America. This species has been introduced into at least 14 U.S. states and Canadian provinces, mostly along the Atlantic slope [4] . As an introduced piscivore, flathead catfish are thought to restructure native fish communities through predation. In several areas where flathead catfish have been introduced, they quickly establish themselves as an apex predator and declines in the abundance of native fish species have concurrently been observed in these locations [5] . logic Survey (USGS) as the most biologically harmful of all fish introductions in North America [6] .
Quantifying potential predatory impacts by an introduced species requires estimates of population abundance and consumption. Both of these parameters can be difficult to estimate [7, 8] and uncertainty in these estimates can propagate through the modeling framework leading to erroneous conclusions and potentially deleterious management actions [9] . Flathead catfish are a potentially difficult species to estimate consumption rates from bioenergetics models given life history characteristics including irregular activity patterns and intermittent feeding behaviors (described below). Flathead catfish activity patterns are generally characterized by extended low activity levels with limited movements punctuated by brief migrations associated with habitat shifts to wintering and spawning areas [10] . These activity patterns would likely require similar energetic expenditures -low levels of consumption followed by intensive feeding periods.
Estimates of consumption from bioenergetics models can be biased when applied under conditions involving relatively high or low consumption levels [11] . In addition, bioenergetics models can be sensitive to variable daily consumption rates [12] and require accurate field estimates of diet [13] . Field estimates of consumption for flathead catfish are characterized by very high frequencies of empty stomachs and highly variable feeding intensity between individuals [14, 15] . Given their large growth potential, likely high consumption rates [5, 16] , limited movements during much the year [10, 17] and high occurrence of empty stomachs [15] , consumption rates from traditional bioenergetics models are likely to be underestimated for flathead catfish.
The bioenergetics model described by Walters and Essington [18] allows for estimation of bioenergetics pa-rameters and consumption rates from commonly collected field measurements of growth. This model uses seasonal growth data from mark-recapture experiments to estimate temperature driven seasonal estimates of food consumption and metabolic rates [18] . One potential advantage of this modeling framework compared with more common approaches for estimating consumption rates is the practicality of attaining input data. This model uses field growth measures routinely collected as part of standard population assessments, as opposed to other models which require laborious laboratory feeding and respiration experiments to estimate bioenergetics parameters. Because this model integrates demographic, growth, and consumption estimates of fish populations from commonly collected field data, it is particularly useful for assessing the potential impacts of nonnative fish species for which data is often sparse. This paper is a case study of the bioenergetics model proposed by Walters and Essington [18] applied to a nonnative fish species. We used growth increment and size-at-age data to estimate the parameters of the bioenergetics model described by Walters and Essington [18] for flathead catfish in the Neuse River, North Carolina. Flathead catfish represent a strong test of the applicability of the Walters and Essington [18] model due to their primarily sedentary nature, sporadic feeding behavior, and high growth rates.
METHODS

Data Collection
We used age composition information for flathead catfish (N=114) collected from the Neuse River, North Carolina during fall 2001 and spring 2003 using boat-mounted, lowfrequency, pulsed DC electrofishing [1] . The Neuse River forms at the confluence of the Flat and Eno rivers in central North Carolina and flows east for 443 river kilometers before entering Pamlico Sound. All flathead catfish were sacrificed upon capture and returned to the laboratory where they were measured, sexed (when possible), and saggital otoliths were removed, prepared, and read [1] .
Incremental growth measures were taken from a capturerecapture study on Contentnea Creek, a large tributary to the Neuse River near the location where fish were collected for age analyses. A concurrent radio-telemetry study confirmed movement of flathead catfish from Contentnea Creek to the Neuse River on a seasonal basis [19] . Flathead catfish from the capture-recapture study were collected at least monthly from May-November in 2000-2002 using the same collection methods employed to collect the age samples. For each fish collected, total length (mm) and weight (g) were recorded, stomach contents removed, and each fish was implanted with a passive integrated transponder (PIT) tag [10] . Temperature data was taken from a USGS automated temperature logger stationed on Contentnea Creek near Hookerton, North Carolina and used to develop a seasonal temperature model. This temperature model was used in the bioenergetics model to predict the annual temperature cycle throughout the lifetime of all fish.
Bioenergetics Modeling
The general bioenergetics model was fit to flathead catfish growth increment, length-at-age, and water temperature data using the model formulation described by Walters and Essington [18] . All input parameters for flathead catfish can be found in Table 1 . The basic derivation of the bioenergetics model of Walters and Essington [18] begins with the general growth model [20] :
where W is somatic weight, HW d is the rate of energy assimilation, and mW n is the rate of energy losses. The d and n parameters describe the allometric scaling of anabolism and catabolism with mass. Assuming a constant relationship between length and weight over time as
where L is length and a and b are constant, it is possible to derive an analogous relationship for the rate of change in length as
Constants in this relationship are related to those in (1) and (2) as
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Following Walters and Essington [18] , we defined temperature-dependent multipliers of the anabolic and catabolic scaling parameters and of the length dynamic model as 10 10
The consumption and metabolism coefficients (Q c and Q m ) of a Q10 relationship allow anabolism and catabolism to increase or decrease with temperature (T).
The general bioenergetics model was fit hierarchically with the first model containing informative priors on both n and Q m (metabolism constrained model). As noted by Walters and Essington [18] , it is typically not possible to estimate both d and n, nor Q c and Q m simultaneously. Prior limits on n, and Q m were based on findings from Essington et al. [21] and Clarke and Johnston [22] . Uniform prior distributions were used for each parameter ( Table 1) . The general bioenergetics model was fit a second time with relaxed priors on both metabolic parameters (full model) to compare posterior distributions of parameters and consumption estimates from the model using informative and relaxed priors. Posterior density functions were estimated using a Metropolis-Hastings Markov-chain Monte Carlo (MCMC) routine [23] . Four MCMC chains were run with different initial values for 500,000 iterations, with a burn-in of 2,000 iterations and further thinned to leave 8,000 samples from each chain. Convergence of the MCMC routine was evaluated using the Gelman-Rubin diagnostic and inspecting trace plots for each parameter.
RESULTS
Incremental growth measures were collected on 99 flathead catfish. Recaptures of tagged fish occurred both within and between years (Fig. 1) . Growth rates of fish recaptured within the same year were greater than those collected between years (Fig. 2) . Average time at liberty was 43 days for fish captured and recaptured within the same year and 323 days for fish captured and recaptured between years. Within year growth increment data were collected between spring and summer months and accounted for the majority of flathead catfish growth. Between year growth increment data, from fish captured in late summer and fall and recaptured the following spring, were characterized by low growth rates. The general bioenergetics model fit observed length-atage and weight-at-age data despite high uncertainty in bioenergetics parameter estimates (Fig. 3) . Gelman-Rubin diagnostics provided no evidence that the model failed to converge, with all chains having similar posterior distributions for each parameter. Trace plots for each parameter did not show any clear trends in the sampling space and all chains converged on the same region. Posterior distributions of parameter estimates were smooth and displayed a single mode; however, had high uncertainty for both fitted models (Fig.  4) . Median posterior parameter estimates varied between the two fitting routines; however, 95% posterior distributions were not different between the two routines ( Table 2) . Informative priors on metabolism parameters reduced uncertainty in consumption parameters d, and Q c . Consumption and metabolic parameters (H and m, d and n, Q c and Q m ) were highly confounded contributing to the uncertainty in parameter estimates (Fig. 5) .
The general bioenergetics model predicted highly seasonal consumption and growth patterns for flathead catfish (Figs. 3 and 6) . The two models predicted similar growth patterns for the first eight years of flathead catfish growth. Beyond age eight, the models diverged slightly with the metabolism constrained model predicting lower annual growth and greater weight loss over winter months (Fig. 3) . The metabolism constrained model predicted slightly greater consumption than the full model over all seasons and across all ages (Fig. 6) . Lifetime consumption for the metabolism constrained model was 21% greater than the full model. Peak consumption was predicted to occur during early to midsummer months with limited consumption occurring over winter months. The two models predicted that 65-75% of annual consumption occurred between May and August. The majority of annual weight gain, between 70% and 115% when reproductive losses are not included, was also predicted to occur between May and August.
DISCUSSION
The general bioenergetics model described by Walters and Essington [18] converged on a set of parameter estimates that fit the observed pattern of growth of flathead catfish. Predicted seasonality in consumption and growth is supported by observed seasonal patterns in flathead catfish activity patterns, growth condition, and feeding patterns.
Convergence diagnostics on the model fitting routine displayed no evidence that the model failed to converge. However, posterior distributions demonstrated high uncertainty for some parameters. Parameter estimates and consumption predictions from the general bioenergetics model were consistent with observed flathead catfish life history patterns; however, there are no methods for statistically supporting the outputs of this model. The estimated consumption pattern from the general bioenergetics model represents the first characterization of adult flathead catfish consumption. (Fig. 2) . Young fish were predicted to consume 600-1200% of their body mass per year.
Observed condition factor and diet data collected on flathead catfish support predicted patterns in consumption and growth from the general bioenergetics model [10] . Diet data from flathead catfish collected as part of the mark-recapture study showed flathead catfish feeding was greatest in early summer (May) and generally lower in fall (October) [15] . While this data supports the pattern predicted by the general bioenergetics model, we were unable to formally evaluate model predictions using traditional statistics. Laboratory estimates of consumption could provide an informative comparison to consumption estimates from this model; however, such estimates are unavailable for adult flathead catfish. The seasonal patterns in consumption predicted by the general bioenergetics model were consistent with laboratory studies on juvenile flathead catfish. Bourret et al. [24] found that daily consumption of juvenile flathead catfish increased with higher temperatures and remained elevated at high temperatures (32°C). Bourret et al. [24] also found that consumption of juvenile flathead catfish declined under 19°C with limited consumption below 15°C. Our simulations predicted that the majority of flathead catfish consumption occurred from late May through August when temperatures were above 25°C and minimal consumption occurred between October and March when average temperatures were below 19°C.
Wide posterior distributions on bioenergetics parameters were not unexpected for a variety of reasons. First, flathead catfish demonstrated a wide range of size at age which is likely a function of multiple growth trajectories. Each of these growth trajectories likely would have different consumptive demands and different parameter values in an en- Fig. (4) . Prior (grey) and posterior (black) probability densities for the general bioenergetics parameters from the metabolism constrained model (solid line) and full model (dashed line) fit to flathead catfish data from the Neuse River, NC. [1] found a wide range of flathead catfish growth across North America, in introduced, native, lentic, and lotic systems. Regional differences in species physiology can have an important influence on bioenergetics parameter estimates [8] . Given the large geographic distribution of this species and the high variation in temperatures and growing seasons occurring across this geographic domain it is likely that flathead catfish have wide variation in consumptive demand. This large plasticity in growth and energetics has likely served to increase the likelihood of invasion "success" of flathead catfish across North America.
Uncertainty in our parameter estimates also derived from confounding between model parameters. One artifact of this modeling approach is the high likelihood of confounding between both H and m and d and n [18] . Walters and Essington [18] suggest either fixing or placing informative priors on n and Q m to investigate whether the d and Q c parameters can be reasonably estimated. The use of informed priors on n and Q m in our metabolism constrained model led to reasonable estimates and narrower posterior distributions for d and Q c . Priors on n and Q m were derived from meta-analyses of energetics parameters across a range of species [21, 22] . Laboratory estimates of growth and consumption are unavailable for adult flathead catfish; such estimates could inform priors on bioenergetics parameters.
When priors on the metabolic parameters n and Q m parameters were relaxed, estimates of d and Q c had greater uncertainty and n was estimated to be 0.66. This relatively low estimate of n may be related to flathead catfish activity patterns. Flathead catfish are described as sedentary, spending only a small proportion of the day active [17] . Flathead catfish habitat preferences also vary with age [25] . As flathead catfish age they tend to prefer deeper, cooler and lower velocity habitats [25] . This shift in habitat could be misinterpreted as evidence for the lower metabolism and consumption power parameters [18, 26] . Whether the apparently low power parameters are actually due to size allometry or to size-dependent changes in habitat temperatures should not bias estimates of consumption [18] . 
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One major limitation with available data was the inability to collect flathead catfish when water temperatures declined below about 15°C [19] . This limited our inference to growth increment data collected during late spring-early fall (warmer weather) and from fall to spring (over winter). It appeared that limited growth (and consumption) occurred during winter periods (Fig. 2) such that the lack of observations of animal growth during winter may not cause serious bias in our estimates. Walters and Essington [18] recommend that parameter estimates be made from tagging data collected after exposure to just one strongly contrasting seasonal temperature regime. In our case, greatest inference was drawn from growth measures taken over two strongly contrasting seasonal periods, between late spring and early fall (the period of highest growth) and between late fall and early spring (the period of lowest growth). This contrast in growth was highly informative for estimates of consumption.
Flathead catfish represent a unique case study for applying the general bioenergetics model of Walters and Essington [18] due to several unique life history attributes. In addition, the general bioenergetics model relies on incremental growth in length data to inform estimates of seasonality in growth and consumption. Flathead catfish demonstrate strong allometric growth, with the ability to partition large portions of consumed energy into weight rather than length. We were able to replicate seasonal and lifetime patterns in condition factor by adjusting the proportion of energy allocated to growth of structural tissue (f* s from Walters and Essington [18] ) and the body weight at which allocation to skeletal growth declines to zero (W from Walters and Essington [18] ). Predicted growth patterns from our model show how catfish length asymptotes at age 10 while growth in weight continues throughout the lifetime of the fish (Fig.  3) . In this case study, we used weight and body condition data to validate model predictions, however, future studies should incorporate weight information in the fitting procedure to more accurately estimate seasonality in growth and consumption.
This case study represents the first characterization of bioenergetics parameters and consumption estimates for adult flathead catfish. Use of incremental growth data in the Walters and Essington [18] general bioenergetics model informed patterns in growth and consumption. Despite a number of limitations specific to flathead catfish, the general bioenergetics model was able to adequately fit observed sizeat-age and seasonal observations of condition factor. Our results highlight the strong seasonality in consumption patterns of flathead catfish. Further validation of this modeling approach is necessary since accurate estimates of consumption are required to assess impacts of nonnative fish species on native fish communities [2] . However, the general bioenergetics model was able to provide population specific seasonal estimates of consumption rates without labor intensive diet sampling or laboratory derived estimates of growth ) and consumption relationships. The general bioenergetics model of Walters and Essington [18] offers a useful framework for combining growth, consumption, and demographic information by estimating parameters for seasonal, temperature driven variation in food consumption and metabolism rates from length-increment data associated with population monitoring programs.
